Transforming growth factor ␤ (TGF-␤)-related factors play important regulatory roles in cell differentiation and proliferation and in tissue morphogenesis in animals ranging from flies and nematodes to mammals (12, 16) . Among the many members of the TGF-␤ superfamily, which include activins and bone morphogenetic proteins (BMPs) (12, 16) , TGF-␤1 is considered the prototype factor to characterize the various cellular responses and the mechanism of receptor signaling. The growth-inhibitory effect of TGF-␤ in a variety of cell types, such as epithelial cells, and its ability to induce gene expression that leads to increased extracellular matrix deposition have been best characterized (5) . Similarly to BMP-2/4 and activin, TGF-␤ exerts its activities through two types of cell surface serine/threonine kinase receptors, type II and type I receptors. The type II and type I receptors have the ability to form a heterotetrameric complex, consisting of two type II and two type I receptors, and this complex is thought to represent the fully functional receptor complex that mediates TGF-␤ signaling following ligand binding. In this tetrameric complex, the constitutively active type II receptors phosphorylate the type I receptor cytoplasmic domains, and this phosphorylation is required for activation of the signaling pathways leading to the TGF-␤ response (4, 18, 22) .
The downstream kinase targets of the serine/threonine kinase receptors are as yet poorly characterized. The ␣-subunit of farnesyl transferase (14, 20, 21) and a WD-repeat-containing protein named TRIP-1 (3) have been shown to associate with and to be phosphorylated by the type I and type II receptor cytoplasmic domains, respectively, but a role of these proteins as signaling effectors has not been documented. Recent genetic analyses of Drosophila melanogaster and Caenorhabditis elegans and developmental and biochemical analyses of Xenopus laevis embryos and mammalian cells have identified Drosophila Mad, C. elegans Sma, and the vertebrate homologs, Smads, as signaling mediators downstream from the receptors for TGF-␤-related factors (6, 18) . All Mad-related proteins show structural conservation of an N-terminal and a C-terminal domain, which are separated by a proline-rich spacer sequence of variable length and sequence (6) . In vertebrates, Smad1 has been implicated as a signaling mediator for BMP-2 and BMP-4 (9, 13, 17) whereas the closely related Smad2 and Smad3 have been implicated as effectors of the activin and TGF-␤ responses, respectively (2, 9, 24) . In contrast, Smad4, which is identical to the human tumor suppressor DPC4 (11) , is involved in the response to not only TGF-␤ (24) but also activin and BMP-2/4 (16a, 25) .
We have previously shown that Smad3 and Smad4 strongly synergize to induce a potent TGF-␤-like response in the absence of ligand stimulation. Furthermore, overexpression of dominant negative mutants of Smad3 or Smad4 blocks the natural TGF-␤ response. These results reveal a functional cooperation of Smad3 and Smad4 and show that both Smads are required effectors of TGF-␤ receptor signaling (24) . Smad3 physically associates with the receptor complex and is phosphorylated. Its efficient phosphorylation by the type I receptor kinase in vitro suggests that Smad3 may be a direct kinase target for the TGF-␤ receptor complex. In contrast, Smad4 is not associated with the receptor and is not phosphorylated (24) . Finally, Smad3 and Smad4 are not only present in the cytoplasm but are also concentrated in the nucleus of transfected cells (25) , where they are thought to play a role in transcriptional activation of TGF-␤ responsive genes (6, 17, 18) .
The functional cooperation of Smad3 and Smad4 in TGF-␤ receptor signaling led us to examine whether they can physically associate. Using yeast two-hybrid assays and coimmunoprecipitation analyses of transfected cells, we show that Smad3 and Smad4 form homomeric and heteromeric associations. The domains required for these interactions were characterized, and our results emphasize an important role of the conserved C-terminal domains in these interactions. Naturally occurring mutations of Smads disrupt the ability of Smad3 and/or Smad4 to undergo homomeric and heteromeric interactions, which correlates with impaired signaling. Taken together, our findings show that the abilities of Smad3 and Smad4 to form homomeric and heteromeric associations correlate with efficient signaling activity.
MATERIALS AND METHODS
Yeast two-hybrid assays. The LexA-based yeast two-hybrid system was used to assay for protein interactions as described previously (10, 23) . cDNA sequences encoding full-size Smad2, Smad3, or Smad4 or the cytoplasmic domain of the Tsk7L type I receptor (amino acids 147 to 509) (7) were isolated by incorporating 5Ј EcoRI and 3Ј XhoI sites during PCR amplification with Pfu polymerase (Stratagene) and subcloned in plasmids pEG202 and pJG4-5. The Smad1 coding sequence was released from pRK5-Smad1 (24) with EcoRI and SalI and was ligated into pEG202 and pJG4-5. All mutations of Smad3 and Smad4 were introduced by PCR-based techniques. All Smad3 and Smad4 plasmids were confirmed by DNA sequencing (U.S. Biochemical Corp.) following subcloning. Yeast EGY48 was transformed with the expression plasmids by using Alkali Cation (BIO 101, Inc.). The expression of the fusion proteins of the appropriate size was verified by Western blotting with anti-HA antibody, which recognizes the epitope-tagged fusion proteins (1) . Protein interactions and resulting transcriptional activation were determined by scoring ␤-galactosidase activity on X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactoside) plates containing galactose or glucose (1) . ␤-Galactosidase activity was measured in solution with o-nitrophenyl-␤-D-galactoside as the substrate as described previously (1) . Enzymatic activity was calculated from the following equation: enzyme units ϭ 1,000(A 420 / A 600 tv) (t ϭ time and v ϭ volume).
Transient transfections and immunoprecipitations. pRK5-based expression plasmids for Smad3 and Smad4 have been described previously (24) . Mutations were introduced by PCR-based methods. COS-1 cells were transfected with Lipofectamine (Life Technologies, Inc.) as specified by the manufacturer. At 48 h after transfection, the cells were lysed in MLB lysis buffer consisting of 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 5 mM benzamidine, and 10 g each of aprotinin and leupeptin per ml. Lysates were precleared with anti-mouse immunoglobulin G (Jackson Laboratories) and protein A-Sepharose CL4B (Pharmacia), and immunoprecipitations were performed with the epitope-specific monoclonal antibodies 9E10 (anti-myc) or M2 (anti-Flag) or with preimmune antiserum. Immunoprecipitated proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and probed in Western blots with anti-myc or anti-Flag antibodies.
PAI-1 luciferase reporter assay. Expression plasmids for wild-type and mutant Smad3 and Smad4 were cotransfected with the reporter plasmid p800luc (15) to assay for expression from the TGF-␤-inducible PAI-1 promoter. Plasmid pRK␤gal (8) , which expresses ␤-galactosidase under the control of the cytomegalovirus promoter, was included in all transfections to allow normalization of the luciferase activity for transfection efficiency. SW480.7 cells were transfected with Lipofectamine in six-well dishes. In each transfection, 2 g of each expression plasmid, 0.5 g of p800luc, and 0.5 g of pRK␤gal were used. At 12 h after transfection, the cells were treated with 5 to 10 ng of TGF-␤1 per ml in medium containing 0.2% fetal bovine serum or were left untreated. After 24 h, the cells were lysed and luciferase assays were performed as described previously (8) .
GST fusion proteins and adsorption. Glutathione-S-transferase (GST) fusion proteins of Smad3 and Smad4 were expressed as described previously (24) . 35 S-labelled Smad3 or Smad4 or defined protein segments were generated by in vitro transcription from pRK5 plasmids containing the corresponding cDNA sequences and translation in the presence of [
35 S]methionine. The translation products were mixed with purified GST-Smad3 or GST-Smad4 immobilized on glutathione-Sepharose in 50 mM Tris-HCl (pH 7.5)-120 mM NaCl-2 mM EDTA-0.1% Nonidet P-40 for 2 h. Bound proteins were analyzed by SDS-PAGE and exposed for autoradiography for 3 days.
Yeast transcription assays. Wild-type and mutant Smad3 and Smad4 were expressed as fusion proteins with the LexA DNA binding domain in plasmid pEG202 and introduced into yeast EGY48 containing the ␤-galactosidase reporter gene plasmid pSH18-34 (1). Transformants were grown on glucose-containing X-Gal plates. Transcriptional activity was monitored by measuring ␤-galactosidase activity, similarly to the yeast two-hybrid assays.
RESULTS
Direct homomeric and heteromeric associations of Smad proteins. We have previously shown that Smad3 and Smad4 synergize to induce TGF-␤-like responses and that their functional interaction is required to mediate the natural TGF-␤ response (24) . To explore the biochemical basis of this cooperativity, we investigated the ability of Smad3 and Smad4 to physically and functionally associate with each other. For this purpose, we used the yeast two-hybrid system, which lacks endogenous Smads and scores physical interactions between proteins, based on transcriptional activation of a reporter gene such as the ␤-galactosidase gene. While testing the heteromeric associations of these two Smads, we also evaluated their ability to engage in homomeric interactions, and we incorporated Smad1 and Smad2 in these assays. Two groups of expression plasmids were constructed by fusing full-length Smad1, Smad2, Smad3, or Smad4 to the LexA DNA binding domain (plasmid pEG202) as bait or to the nuclear localized B42 acidic activation domain (plasmid pJG4-5) as prey. Coexpression of any combination of Smads as bait and prey in the yeast strain pEGY48 resulted in a strong transcriptional activation of the ␤-galactosidase reporter gene, as detected by the intensely blue color following staining for enzymatic ␤-galactosidase activity (Fig. 1 ). In these assays, Smad3 and Smad4 associated in both homomeric and heteromeric interactions. Furthermore, Smad1 and Smad2 also showed homomeric interactions and associated with Smad4. The homomeric and heteromeric interactions were similar in strength, as assessed by the ␤-galactosidase activities, and were comparable to the association between the type I Tsk7L receptor cytoplasmic domain and FKBP12. The Tsk7L cytoplasmic domain did not associate with any of the Smads.
To evaluate whether homomeric and heteromeric associations of Smad3 and Smad4 also occur in vivo, we performed coimmunoprecipitation analyses of transfected cells. Thus, COS-1 cells were cotransfected with expression plasmids for Smad3 and/or Smad4, differentially tagged with a C-terminal myc or Flag epitope. Lysates from unlabelled cells were subjected to immunoprecipitations with tag-specific antibodies followed by Western blot analysis with an antibody against the second tag. As shown in Fig. 2A , anti-Flag antibody not only precipitated Flag-tagged Smad3 or Smad4 (middle panel) but also coexpressed myc-tagged Smad3 or Smad4 (right panel). Thus, both Smad3 and Smad4 associate in homomeric interactions. To assess heteromeric interactions, we coexpressed differentially tagged Smad3 and Smad4. As shown in Fig. 2B , immunoprecipitation of Smad3 resulted in coprecipitation of Smad4 and vice versa, thus demonstrating heteromeric complex formation between the two Smads. To further assess the specificity of the immunoprecipitations, we coexpressed myctagged Smad4 with Flag-tagged Smad3 or Smad4. As shown in Fig. 2C , the control antibody did not precipitate Flag-tagged Smad3 or Smad4 (left panel) or myc-tagged Smad4.
Mapping the interaction domains of Smad3 and Smad4. All Smads have two highly conserved domains, one in the Nterminal third and one in the C-terminal third of the proteins, which are separated by a proline-rich sequence of variable length and sequence (6, 18) . To define the domains of Smad3 and Smad4 responsible for the homomeric and heteromeric associations, segments of Smad3 and Smad4 were cloned into the prey plasmid pJG4-5 and tested for their ability to associate with full-size Smad3 and Smad4 expressed as LexA fusion proteins. As shown in Fig. 3A , the N-terminal segment of Smad3, consisting of the conserved domain and the prolinerich sequence, did not associate with either Smad3 or Smad4. In contrast, the C-terminal conserved domain of Smad3 showed homomeric and heteromeric interactions with full size Smad3 and Smad4, respectively, with a ␤-galactosidase activity similar to that when full-size Smad3 was used as bait. Thus, this conserved domain of Smad3 mediates both homomeric and heteromeric interactions.
In contrast to Smad3, both the N-terminal and C-terminal segments of Smad4 associated with full-size Smad4, although to a lesser extent than in the homomeric interactions of the full-size proteins. However, only the C-terminal conserved domain of Smad4, and not the N-terminal segment, associated with full-size Smad3, and this association was similar in strength to the heteromeric association between full-size Smad3 and Smad4 (Fig. 3A) . The C-terminal domains of Smad3 and Smad4 were also expressed as LexA fusion proteins and tested for their ability to associate with the same C-terminal domains of Smad3 or Smad4. The C-terminal domain of Smad3 interacted efficiently with the C-terminal domains of both Smad3 and Smad4. In contrast, the C-terminal domain of Smad4 did not undergo homomeric interactions with the Smad4 C-terminal domain but associated efficiently with the C-terminal domain of Smad3 (Fig. 3B) . Finally, short C-terminal segments (amino acids 343 to 424 in Smad3 and amino acids 439 to 552 in Smad4) of the conserved C-terminal domains of both Smads did not undergo homomeric or heteromeric interactions with full-size Smad3 or Smad4, suggesting that this segment is not sufficient to mediate Smad interactions. Taken together, our results show that the conserved C-terminal domain of Smad3 is sufficient to mediate both homomeric and heteromeric interactions whereas the corresponding domain in Smad4 is fully responsible for the heteromeric interaction with Smad3 but cooperates with N-terminal sequences to mediate the strong homomeric interactions. Furthermore, the C-terminal domain of Smad4 does not show homomeric associations. These observations in yeast two-hybrid assays were also confirmed by using GST fusion proteins.
35
S-labelled Smad3 and Smad4 and their C-terminal domains, generated by in vitro transcription-translation, associated efficiently with the GSTSmad3 and GST-Smad4 fusion proteins (data not shown).
Effects of mutations in Smad3 and Smad4 on association and biological activity. Smad3 and Smad4 strongly synergize to induce gene expression from the PAI-1 promoter with luciferase as the reporter gene (24) . This activity correlated with the ability of Smad3 and Smad4 to undergo homomeric and heteromeric interactions ( Fig. 1 and 3) . Since the C-terminal domain of Smad3 associated efficiently with full-size Smad4 (Fig. 4A) , we evaluated the biological activity of this Smad3 domain when coexpressed with full-size Smad4. As shown in Fig. 4B , coexpression of these two proteins induced a PAI-1 response that was comparable to the synergistic response of full-size Smad3 and Smad4. In contrast, the N-terminal domains of Smad3 or Smad4, when coexpressed with full-length Smad4 or Smad3, respectively, were unable to induce a potent PAI-1 response (Fig. 4B) . We also tested the biological activity of the C-terminal segment of Smad4 in combination with fullsize Smad3. Even though these proteins heteromerized efficiently (Fig. 4A) , they showed only a weak biological activity (Fig. 4B) . This inactivity does not correlate with a lack of heteromerization but with an inability of the C-terminal domains of Smad4 to homomerize (Fig. 3B) . Accordingly, coexpression of the C-terminal domains of Smad3 and Smad4 does not induce PAI-1 luciferase activity (25) , which is consistent with the inability of the Smad4 C-terminal domain to homomerize, even though the heteromerization of both Smad3 and Smad4 domains is efficient (Fig. 3B) . These results suggest that both homomeric and heteromeric interactions are required for the biological activity of Smad3 and Smad4.
To further explore the correlation between the biological activity of Smad3 and Smad4 and their ability to form a heteromeric complex, we examined the effects of several mutations in Mad or Smads, which have previously been isolated as inactivating mutations. One of these was a truncation of the C-terminal 39 amino acids in Drosophila Mad, which contributed to the initial identification and characterization of Mad. The corresponding mutation has also been identified in Smad4/DPC4 in pancreas carcinomas (11) . This mutation incorporated into Smad3 and Smad4 resulted in their inactivity, as assessed by the inability of Smad3⌬C to synergize with Smad4 or the inability of Smad4⌬C to synergize with Smad3 in the PAI-1-luciferase assay (24) . Since the conserved C-terminal domain mediates association, we evaluated the ability of these truncated Smads, i.e., Smad3⌬C and Smad4⌬C, to undergo homomeric and heteromeric associations in yeast twohybrid assays. As shown in Fig. 4A , Smad3⌬C did not detectably interact with Smad3 or Smad4, and Smad4⌬C did not detectably interact with Smad3 and interacted only weakly with Smad4. In addition, the same truncation incorporated into the C-terminal domain of Smad3 (Smad3C⌬C) or Smad4 (Smad4C⌬C) abolished the ability of this domain to associate with full-size Smad3 and/or Smad4 (Fig. 4A) . Thus, the lack of biological activity correlated with an inability of the truncated forms to confer homomeric or heteromeric interactions.
In Drosophila, a missense mutation of glycine at position 409 to serine confers a phenotype similar to that of truncated Mad, suggesting that this G/S mutation inactivates Mad (19) . This mutation, incorporated in the corresponding position in Smad3, decreased its ability to form homomers with wild-type Smad3 and to form heteromers with Smad4 about 10-and 20-fold, respectively (Fig. 4A) . To evaluate the biological activity of Smad3(GS), we coexpressed this mutant with Smad4 and scored their ability to induce luciferase expression from the PAI-1 promoter. The G/S mutation conferred a 30% decrease in activity of Smad3 (Fig. 4B) . Another mutation resulting in an aspartic acid-to-histidine replacement at position 512 in Smad4 was identified in the Smad4/DPC4 gene in human pancreatic carcinomas (11) . This point mutation in Smad4 abolished its ability to interact with Smad3 and strongly decreased the homomerization efficiency of Smad4. This mutation incorporated into the C-terminal domain of Smad4, expressed by itself, Smad4C(DH), also abolished its ability to interact as a heteromer with Smad3 and as a homomer with Smad4 (Fig. 4A) . In the PAI-1-luciferase assay, this mutation resulted in a decrease of Smad4 activity of about 80% (Fig.  4B) . In parallel experiments, the wild-type and mutant forms of Smad3 and Smad4 were expressed at similar levels in COS-1 cells (Fig. 4C ) and SW480 cells (data not shown). Taken together, our analyses showed that these mutations abolished or decreased the ability of Smad3 and Smad4 to engage in homomeric or heteromeric interactions. This decreased ability to interact correlated with decreased biological activity, which further supports our conclusion that both homomeric and heteromeric interactions may be required for biological activity.
Transcriptional activity of Smad3 and Smad4 in yeast. Previous results have shown that the C-terminal half of Smad1 and Smad4/DPC4 induce transcriptional activation in mammalian cells when fused to a GAL4 binding domain which allows direct interaction with DNA (17) . However, these assays were performed in the presence of the widely expressed, endogenous Smads, with which the assayed Smad could associate, an important caveat considering the strong synergism of Smad1, Smad2, or Smad3 with Smad4 (24, 25) . We therefore set up a transcriptional activation assay in yeast which lacks endogenous Smads and evaluated the ability of Smad3 and Smad4 and their N-and C-terminal segments to induce transcriptional activation. Smad3 and Smad4 were individually fused to the LexA DNA binding domain and coexpressed in yeast with a reporter plasmid in which ␤-galactosidase expression is under the control of the LexA operator. This one-hybrid system stands in contrast to the two-hybrid system, in which a high level of ␤-galactosidase expression is produced as a result of the ability of two proteins to interact with each other and the resulting interaction of the B42 activation domain with transcriptional regulators upstream from the reporter gene. As shown in Fig. 5 , full-length Smad3 and Smad4 had weak transcriptional activity. However, the C-terminal domain of Smad3 had a strong activity in this assay. This activity was abolished by the C-terminal truncation, which inactivates this interaction domain and abolishes the biological activity of Smad3. Furthermore, the G/S point mutation also inactivated the transcriptional activity of this domain, consistent with its ability to interfere with the association. In contrast to Smad3, the Cterminal domain of Smad4 had no detectable activity, and the weak activity of full-size Smad4 was associated with the Nterminal segment. In addition, the DH mutation abolished the transcriptional activity of Smad4. Thus, the C-terminal domain of Smad4 behaves remarkably differently from Smad3 in this transactivation assay. In addition, mutations that decrease or abolish homomeric associations also abolish transcriptional activation. Thus, these data strongly suggest that homomerization is required for transcriptional activation. (24) . The use of quantitative assays in characterizing the Smad3 and Smad4 activities revealed a remarkable ability to strongly synergize with each other. This cooperativity between the two Smads forms the basis of their role as signaling mediators, since inactivation of either Smad3 or Smad4 activity by dominant negative interference blocks receptor signaling (24) . However, this cooperativity is not restricted to the functional interactions between Smad3 and Smad4, since Smad4 also synergizes with Smad2 and Smad1 (16a, 25) . In contrast, Smad1, Smad2, and Smad3 do not synergize with each other to induce gene expression. Thus, Smad4 plays a central role in signaling by different TGF-␤-related factors and receptor systems, distinct from the other Smads. Consistent with this function of Smad4 are the observations that Smad4 does not associate with the receptor and is not phosphorylated whereas Smad1, Smad2, and Smad3 are phosphorylated, presumably as a result of their association with receptors, as has been shown for Smad3 (24) . Finally, Smad4 is also structurally distinct from the other, more closely related Smads. Smad4 contains an insert in the C-terminal conserved domain and is considerably larger than the other Smads (6, 11) . In this study, we have evaluated the structural basis of the functional cooperativity of Smad3 and Smad4, which is at the basis of Smad signaling, and have characterized the homomeric and heteromeric physical associations as being required for Smad activity.
DISCUSSION

Homologs of Drosophila
Heteromeric and homomeric interactions were evaluated by a combination of yeast two-hybrid assays, which score proteinprotein associations, and immunoprecipitations of Smads coexpressed in transfected cells. The observed heteromeric association of Smad4 with Smad3 may explain the functional cooperation of the two Smads in TGF-␤ receptor signaling and their ability to synergize in inducing a ligand-independent response (24) . In addition, Smad4 associates similarly with Smad1 and Smad2, which is consistent with the ability of Smad4 to synergize with these Smads and with their functional cooperativity (16a, 25) . Besides the heteromeric interactions, we also observed equally strong homomeric associations of the individual Smads. These homomeric interactions are, in the case of receptor-associated Smads, consistent with the presence of two type II and two type I receptors in the receptor complex, with which Smads are most probably associated as homomers. Finally, Smad1, Smad2, and Smad3 also form heteromeric interactions with each other. This may functionally correlate with an association with receptor complexes for heteromeric ligands, such as inhibin or BMP-2/6 and BMP-2/7. These receptor complexes most probably contain two different type II or type I receptors.
A characterization of the domains which mediate homo-and heteromeric interactions reveals differences between Smad3 and Smad4 and shows a clear correlation between the biological activity of Smad3 and Smad4 and their ability to associate. In Smad3, the conserved C-terminal domain mediates both homomeric interactions and heteromeric association with Smad4 (Fig. 3) . Accordingly, when coexpressed with full-size Smad4, the C-terminal domain of Smad3 induces full biological activity, comparable to full-size Smad3 and Smad4 (Fig.  4B) , thus indicating that the conserved C-terminal domain of Smad3 is sufficient to synergize with Smad4. Similarly, the ability of the C-terminal domains of Smad1 and Smad2 to mimic the activity of their full-length counterparts (2, 17) is probably due to cooperation with endogenous Smad4. In contrast, the C-terminal domain of Smad4 mediates the heteromeric interactions with Smad3 but not the homomeric interactions. Furthermore, the conserved N-terminal domain of Smad4, but not of Smad3, mediates homomerization, although not as efficiently as full-size Smad4 does (Fig. 3) . Accordingly, coexpression of the C-terminal domain of Smad4 with full-size Smad3 induces only a weak response (Fig. 4B) , and the coexpressed C-terminal domains of both Smad3 and Smad4 are biologically inactive (25) . These two C-terminal domains show efficient heteromerization and homomerization for Smad3 but no homomerization for Smad4 (Fig. 3) . Taken together, our data strongly suggest that homomerization and heteromeric interactions are both required for full synergistic biological activity and emphasize the functionally distinct nature of Smad4.
To further explore the correlation between the ability of Smad3 and Smad4 to interact and their biological activity, we characterized three mutations in the conserved C-terminal domain that have been associated with impaired activity of either Mad in Drosophila (19) or the tumor suppressor Smad4/DPC4 in pancreas cancers (11) . One of these mutations is a short C-terminal truncation, which in both Smad3 and Smad4 strongly decreases their ability to homo-or heteromerize (Fig.  4A) . Accordingly, this mutation inactivates Smad3 and Smad4 signaling (24) (Fig. 4B) . Another mutation is a single Gly-toSer replacement, which was identified in Drosophila Mad and impaired development (19) . This mutation strongly decreased the ability of Smad3 to homo-or heteromerize and decreased the activity of Smad3 when coexpressed with Smad4. However, Smad3(GS) was not inactive in the functional reporter assay. Another single point mutation results in an Asp-to-His replacement in Smad4/DPC4 and was originally detected in pancreas carcinoma (11) . This mutation abolished the interaction of Smad4 with Smad3 and decreased the ability of mutant Smad4 to associate with wild-type Smad4, consistent with a role of the N-terminal domain in Smad4 homomerization. Accordingly, the ability of Smad4(DH) to cooperate with full-size Smad3 in signaling activity was strongly impaired (Fig. 4) . These results further emphasize the role of homo-and heteromerization in Smad signaling and reveal the mechanistic basis for impaired Mad function in Drosophila and Smad4/DPC4 function in pancreas cancer.
We also tested the ability of Smad3 and Smad4 to induce transcriptional activation in yeast. Full-size Smad3 or Smad4, or derivative segments or mutants, were fused to the LexA domain, which allows subsequent DNA binding and activation of a reporter gene. Since this LexA domain mediates dimerization (1), the mere dimerization of fusion proteins is insufficient to induce transcriptional activation. Conceptually similar experiments have revealed the ability of Smad1 and DPC4 to induce transcriptional activation in transfected mammalian cells (17) . However, vertebrate cells contain endogenous Smads, and so the ability of a tested Smad to transactivate might have been biased by its interaction with endogenous full-size Smads. Our results show that the C-terminal domain of Smad3 has a strong ability to induce transcriptional activation. This activity was considerably higher than the activity of full-size Smad3, which is consistent with a potential inhibitory role of the N-terminal domain on Smad activity (17, 18) . The ability of the C-terminal domain of Smad3 to activate transcription correlates well with its ability to homomerize, since the C-terminal truncation and the GS point mutation in this domain impaired both transcriptional activity (Fig. 5 ) and homomerization ( Fig. 3A and 4A ). The ability of Smad4 to induce transcription in yeast was remarkably different from that of Smad3. The C-terminal conserved domain of Smad4 was inactive (Fig. 5) , which is again consistent with its inability to homomerize (Fig. 3B) . This result contrasts with the transactivation by a similar Smad4 segment in mammalian cells (17) , which presumably resulted from a heteromeric interaction with endogenous Smads. However, full-size Smad4 had a weak transcriptional activity in yeast which correlates with the weak homomerization ( Fig. 3A and 4A ) and transactivation (Fig. 5) by the N-terminal domain of Smad4. Remarkably, the DH point mutation in the C-terminal domain of Smad4 inactivated the transcriptional activation compared to wild-type Smad4, even though the N-terminal domain that plays a role in the homomerization was not mutated. This interference may be associated with a functional interaction between the conserved N-terminal and C-terminal domains of Smads (17) . Our results thus clearly correlate the ability of Smads to homomerize with transcriptional activity. Furthermore, the ability of Smads to induce transcription in yeast now enables us to map the structural requirements for transcriptional activation by Smads by using genetic screens with randomly mutagenized libraries of Smad fragments.
In summary, our results have characterized the ability of Smad3 and Smad4 to form homomeric and heteromeric associations and emphasize the distinct structural and functional nature of Smad4 in mediating Smad and receptor signaling. The cooperativity of Smad4 with Smad3 and, by extension, with other Smads is clearly at the basis of receptor signaling by Smads. Our findings, summarized in Table 1 , show a consistent correlation between the abilities of Smads to homo-and heteromerize, the transcriptional activation in yeast, and the biological activity in mammalian cells. Naturally occurring mutations that impair Smad signaling are also correlated with decreased or abolished associations. The yeast transactivation system will now allow us to precisely map the structural requirements for the biological activity of Smad3. although they show that this interaction is increased following ligand stimulation.
